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ABSTRACT: Reelin is a large extracellular matrix protein essential for mediating proper neuronal positioning
during development. Employing the same lipoprotein-mediated signaling cascade, Reelin regulates NMDA
receptor homeostasis and modulates synaptic function and plasticity in adult synapses. In line, aging-related
reduction in Reelin expression has been shown to contribute to cognitive impairments during normal aging.
Although recent experimental evidence suggests an involvement of dysfunctional Reelin in pathological forms
of aging, such as late-onset Alzheimer’s disease (AD), the molecular mechanisms by which this conserved
extracellular glycoprotein contributes to the pathogenesis of AD remains still largely unknown. In the present
review, we briefly summarize the role of Reelin in the developing and adult brain and discuss the implication of
loss- or gain-of-functions of developmental programs in the adult brain as putative inducing factors of
pathological forms of aging. Finally, we will propose some new concepts on the role of inflammatory cytokines
in interfering with Reelin-mediated signaling during neurodevelopment and adult synaptic function, and discuss
how this could be translated into a novel non-transgenic mouse model of late-onset AD. Thus, the findings
presented in this review are aimed to highlight the important role of Reelin-mediated signaling in maintaining a
crucial developmental program in the adult brain that is required to prevent the shift from normal to pathological

aging.

Key words: Aging; Alzheimer’s disease; inflammation; in utero infection; cognitive impairments;
polyriboinosinic-polyribocytodilic acid, mid- and late-gestation, APP processing; Tau phosphorylation;
neurodegeneration

Reelin is a large glycoprotein and major secretory
modulator with important roles during
neurodevelopment and adult synaptic plasticity. It is
subjected to proteolytic cleavage in the extracellular
and/or post-endoplasmic environment at two sites [1,
2]. The physiological functions of the cleaved Reelin
fragments are not fully understood. Current evidence
suggests that the N-terminal region of Reelin is
required for protein homodimerization and full
signaling activity [3]; processes shown to be essential
for postnatal dendritic maturation of cortical
pyramidal neurons [4]. The central region represents
the minimal receptor-binding and signaling unit [5, 6]
and an APP (amyloid precursor protein) interaction

domain [7]. The C-terminal fragment appears to be
required for protein secretion, and/or proper protein
folding, as well as intracellular activity [8, 9]. Despite
the pharmacological data that classified the Reelin
proteases into the family of zinc-dependent disintegrin
and  metalloproteinases with or without
thrombospondin motifs (ADAM and ADAMTS [1, 2])
the nature of the involved metalloproteinase is still not
identified nor is it known whether it is involved in
both the N- and C-terminal cleavage. In addition,
although processing of Reelin certainly modulates its
signaling in the developing and potentially also in the
adult brain; neither the biological significance nor the
factors that modulate this process are known.

*Correspondence should be addressed to: Dr Irene Knuesel, Institute of Pharmacology and Toxicology, University of 12
Zurich, Winterthurerstrasse 190, CH-8057, Zurich, Switzerland. E-mail: knuesel@pharma.uzh.ch

ISSN: 2152-5250



mailto:knuesel@pharma.uzh.ch

J Doehner amd I Knuesel

Role of Reelin in the developing brain

The role of Reelin in the developing brain has been
studied in great detail (for recent reviews, see [10,
11]). During neuronal development, Reelin is secreted
by Cajal-Retzius (CR) cells located in the marginal
zone and is essential for neuronal migration and brain
development [12-15]. This is achieved through the
activation of the apolipoprotein E receptor 2
(ApoER2) and very low density lipoprotein receptor
(VLDLR, [14, 16-18]), which constitute the major
Reelin receptors (Figure 1). Reelin binding to these
lipoprotein receptors induces their clustering and
results in tyrosine phosphorylation of the adaptor
protein Disabled-1 (Dabl) that interacts with
conserved NPxY motifs in the cytoplasmic domains of
VLDLR, ApoER2 and APP family members [17-22].
The phosphorylation of Dabl results in the activation
of Src family tyrosine kinases (SFKs) and additional
non-receptor tyrosine kinases [23], which in turn
trigger a downstream cascade allowing the activation

microtubule
stabilization

stabilization

In agreement with the fundamental role of Reelin
during neuronal development, impaired Reelin
signaling has a devastating effect on the gross
morphology of the hippocampus, cerebellum and
neocortex, as evident by the abnormal cortical
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of  cytosolic kinase pathways involving
Phosphatidylinositol-3-kinase (PI3K) and Akt/PKB,
and the inhibition of Glycogen synthase kinase 3
(GSK3p) as well as CDKS5 ([24, 25]). In line with this
modulatory role, Reelin-deficient animals show
hyperphosphorylation of the microtubule-associated
protein Tau, which represents a major target of both
kinases. Recently, Michael Frotscher and his group
provided evidence that signaling molecules of the
Reelin pathway involving Dabl, SFKs and PI3K are
also involved in n-cofilin phosphorylation and actin
cytoskeleton regulation [26]. Following
phosphorylation of serine3, n-cofilin is unable to
depolymerize F-actin and this in turn leads to a
stabilization of the actin cytoskeleton. These results
suggest a novel role of Reelin in controlling
directional neuronal migration processes during
development.

Figure 1: Reelin-mediated signaling during development.
Binding of multimeric Reelin to VLDLR and ApoER2 induces
their clustering and phosphorylation of the cytoplasmic adapter
protein Disabled-1 (Dabl) by the Src family tyrosine (SFKs)
kinases Fyn and Src. Dabl is initially phosphorylated on two
(Tyr185, Tyr198) sites which seem to be required to permit
transphosphorylation of adjacent Dabl molecules at all four sites
(Tyr185, Tyr198, Tyr220, Tyr232, [131]). This leads to the
recruitment and activation of additional activated non-receptor
tyrosine kinases allowing the activation of cytosolic kinase
cascades, involving Phosphatidylinositol-3-kinase  (PI3K),
Akt/PKB, and the inhibition of Glycogen synthase kinase 3f
(GSK3p) as well as CDKS, two main kinases that phosphorylate
the microtubule-stabilizing protein Tau [24, 25]. Phospho-Dabl
recruits also Crk/CrkL-C3G complexes which in turn stimulate
Rapl [131]. The central Reelin domain also directly interacts with
the E1 extracellular domain of APP; an interaction that appears to
be necessary for proper neurite outgrowth both in vitro and in vivo
[7]. Regulation of the actin cytoskeleton through the Reelin
signaling cascade also involves activation of LIM1 kinase which
results in increased n-cofilin phosphorylation in the leading
processes of migrating neurons approaching the marginal zone
[26]. Recruitment of ubiquitin ligases to phosphorylated Dabl
results in ubiquitination of the protein, which likely mediates the
phosphorylation-dependent endocytosis of the entire Reelin
signaling complex [32, 132].

layering and neuronal positioning in Reelin
homozygous knockout mice (reeler, [18, 27]). Despite
the normal brain morphology, heterozygous reeler
mice show significant impairments in synaptic
plasticity as well as learning disabilities compared to
wild-type littermates [28]. A reeler phenotype has
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also been described in mice with a loss of both Reelin
receptors [18], whereas single-mutants do not show
the characteristic cortical disorganization. This
indicates that ApoER2 and VLDLR can compensate
for each other to a certain extent. However, novel
evidence for divergent roles of the Reelin receptors
have recently emerged [10, 29]. These different
functions might stem from either structural differences
in the intracellular domains or selective localizations
within distinct sub-domains in the plasma membrane.
Support for the latter hypothesis has been provided by
the recent study by Duit and colleagues [30].
Investigating the functional difference between the
two Reelin receptors using a fibroblast cell culture
system, they found that the endocytosis of Reelin is
linked to specific receptor sorting to raft versus non-
raft domains of the plasma membrane: Duit et al.
reported that VLDLR is present in non-raft domains
and Reelin binding to this receptor results in fast
endocytosis of the complex. Reelin is then targeted to
the lysosome and the receptor recycled back to the cell
membrane. Binding of Reelin to ApoER2, which is
predominantly localized to raft domains of the plasma
membrane, however, does not result in significant
reduction of extracellular Reelin since this receptor-
mediated endocytosis is rather slow. Activation of this
pathway results in lysosomal sorting of both ApoER2
and Reelin. Together with the proteosomal
degradation of Dabl following receptor-mediated
endocytosis, these differential processes provide not
only an essential feedback mechanism and termination
signal in the regulation of neuronal positioning [31-
33], they likely also contribute to a highly selective
and receptor-specific fine-tuning of the Reelin signal
that is required for normal synaptic plasticity and
learning in the adult brain.

In the following, we will focus on the role and
function of Reelin in the mature rodent and human
brain and summarize the implication of abnormal
Reelin-mediated signaling as potential etiological
factor of Alzheimer’s disease (AD).

Reelin-mediated signaling in the adult brain

The studies focusing on developmental functions of
Reelin clearly outnumber the investigations
addressing the role of Reelin in the mature brain and
we are just beginning to understand the implications
of reduced Reelin expression during aging.
Interestingly, the expression pattern of Reelin changes
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after the end of the neuronal migration phase [34]. In
the adult brain, the Reelin-expressing Cajal-Retzius
cells are largely replaced by Reelin-expressing
GABAergic interneurons that are dispersed
throughout the forebrain. Reelin is also expressed by
glutamatergic pyramidal neurons in layer II of the
entorhinal cortex, olfactory mitral cells and cerebellar
granule cells [12, 35-44]. ApoER2 and VLDLR and
the adapter protein Dabl also remain expressed in the
adult brain. The distinct expression pattern of Reelin
and its signaling members in brain regions implicated
in mediating learning and memory [12, 43, 45-47]
suggest that Reelin-mediated signaling in the adult
brain is crucial for normal cognitive function.

The role of Reelin in synaptic plasticity

Indeed, first evidence that Reelin plays a role in
synaptic plasticity came up in 2002 [28]. The team of
Joachim Herz demonstrated in vitro that application of
recombinant Reelin can dramatically elevate the
magnitude of LTP, a form of synaptic plasticity
induced by high frequency stimulations that results in
a persisting increase in synaptic efficacy [48]. Using
ApoER2- and VLDLR-deficient mice, they verified
that high frequency stimulation results in reduced LTP
induction in VLDLR-knockout mice and a
pronounced decay in late-phase LTP in ApoER2-null
mice [28]. These findings are in line with the
described hypomorphic phenotype of the single-
mutants with developmental defects affecting mainly
hippocampus and neocortex (ApoER2) or cerebellum
(VLDLR), as well as the reeler phenotype in double-
mutants [18]. Overall, the results provided the first
experimental evidence for a critical role of Reelin in
modulating synaptic function and enabling the
formation of long-term memory. Other recent studies
have confirmed the significant contribution of the
Reelin signaling pathway to synaptic plasticity [45,
49-52] by demonstrating that binding of Reelin to
ApoER2 and VLDLR at postsynaptic sites controls
glutamatergic neurotransmission through differential
modulation of the activity of NMDA and AMPA
receptors (Figure 2). Similar to the signaling in the
developing brain, the effect was dependent on Reelin-
induced activity of Src family kinases that are
involved in tyrosine phosphorylation of the NR2
subunits of the NMDA receptors [45, 49]. This in turn
results in a potent enhancement of glutamate-
stimulated Ca®" influx that is required for LTP
induction and maintenance [53].
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The Herz lab also established a molecular
mechanism by which Reelin, in conjunction with
alternatively spliced forms of ApoER2, regulates
synaptic function and plasticity in the adult brain.
They discovered that adaptor proteins binding to the
exon 19-encoded intracellular domain of ApoER2 [54,
55] are necessary for transmitting the Reelin signal
that is required to enhance LTP. Together, these
results provided the first evidence for a physiological
role of Reelin signaling in the control of NMDA
receptor function and synaptic strength, suggesting
that Reelin can physiologically modulate LTP through
regulation of NMDA receptor activity.

Reelin and its impact on dendrite and spine
Sformation, modulation and maintenance:

One critical aspect of synaptic adaptations associated
with LTP involves the changes in dendritic spine
morphology. Similarly to the situation during
development where Reelin-dependent signaling is
required for the outgrowth of dendrites and the
formation of dendritic spines [4, 56-59], the Reelin
signaling cascade is used in adulthood to regulate
plasticity-induced morphological changes of dendritic
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Figure 2. Reelin modulates synaptic plasticity and learning and
memory. Dabl binding site and exon 19-encoded domain of
ApoER2 are necessary for the Reelin-mediated increase in
synaptic plasticity that allow the coupling of the Reelin receptor
and the activated Dab1-Src/Fyn complex to the NR2A and NR2B
subunit of the NMDA receptor for its subsequent tyrosine
phosphorylation and Ca®* entry in the postsynaptic density, PSD
[45]. Prolonged presence of Reelin at synaptic sites also modulates
AMPA receptor-mediated responses, associated with an increased
receptor number in the PSD [52] and reduction in the number of
silent synapses that facilitated the developmental switch from
NR2B to NR2A [133]. Reelin-induced augmentation of Ca*" entry
through NMDA receptors increases phosphorylation and nuclear
translocation of the transcription factor cAMP-response element
binding protein (CREB), indicating that Reelin may
physiologically modulate learning and memory by modulating
NMDA receptor functions [49]. These data fit with the
observations that in the absence of Reelin or the Reelin receptors,
neurons exhibit stunted dendritic growth, a reduction in dendritic
branches and significantly fewer spines [18, 58, 59, 133-136].

spines. First evidence to support a role for Reelin in
this process has been provided by the work of
Stanfield and Cowan [60, 61]. They reported altered
dendritic morphology and orientation in the cortex and
hippocampus of adult reeler mice. In line,
heterozygous reeler mice exhibited reduced spine
density in the hippocampus and cortex that was
accompanied by impaired performance in certain
learning and memory tasks [51, 62-64]. In the absence
of Reelin or its receptors, Dabl-expressing neurons
also exhibited stunted dendritic growth and reduction
in dendritic branches [58]. It has been further shown
that application of recombinant Reelin can reverse this
deficit in neuronal cultures lacking one or both reelin
genes [51, 58, 59]. The rescue was again dependent on
the activation of the downstream tyrosine kinase-
dependent signaling pathway, as shown for the
regulation of neuronal migration and adult synaptic
plasticity. In addition, recent data showed that
stimulation of cultured hippocampal neurons with
Reelin leads to enhanced dendritogenesis [57]. This
effect was blocked by reduced expression of Crk
family proteins, suggesting that Dab1-binding proteins
are important downstream components of the Reelin
signaling pathway in regulating hippocampal
dendritogenesis. Altogether, these studies demonstrate
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that constitutive levels of Reelin and its receptors are
required for correct formation and maintenance of
dendritic structures that are crucial for normal
information processing in adult synapses.

Recently, the group of Eduardo Soriano addressed
for the first time the impact of Reelin overexpression
on synaptic plasticity and associated morphological
changes in vivo [65]. They reported that adult
generated neurons in the dentate gyrus of transgenic
mice exhibit an increased complexity in their
developing dendrites that was accompanied by a
significant enlargement of dendritic spines and an
increase in synaptic contacts. Furthermore, the
overexpression evoked a dramatic increase in LTP
induction and maintenance as compared to controls.
They also discovered that overexpression of Reelin
leads to dispersion, impaired migration and abnormal
positioning of adult-generated neurons, indicating that
adequate levels of Reelin above or below a certain
threshold are required for successful neuronal
migration, dendritic development and morphological
adaptations that are associated with processes
underlying synaptic plasticity and learning and
memory [65]. Taken together, these results suggest
that Reelin and its lipoprotein receptors participate in
the control of developmental processes that are
fundamental for proper synaptic and neuronal
functioning in the adult brain.

Reelin expression in humans

In the developing human brain, CR cells in the
marginal zone also constitute the main source of
Reelin as described in rodents and non-human
primates [66, 67]. However, besides the well-
characterized human  developmental disorder,
Lissencephaly, which is caused by dominant
mutations in the reelin gene in humans [68], relatively
little information is available on the expression and
localization of Reelin in the healthy adult and aged
human brain. Reelin-positive CR cells can still be
detected in the neo- and entorhinal cortex of adult and
aged humans [69-72], but they appear to decline
during pathological aging [37]. In 2005, Roberts and
colleagues reported the first ultrastructural localization
of Reelin in postmortem human brain samples [73].
Reelin-immunoreactivity was readily detected in the
neocortex; being present both in interneurons and glia
cells. In the neuropil, Reelin-immunoreactivity was
found in small axons, axon terminals, dendrites and
postsynaptic spines. These results are consistent with
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immunohistochemical studies involving postmortem
brain tissue obtained from rodents [39, 44], ferrets
[74], primates [39, 75], as well as humans [35, 76-78].
The data fit with the important role of Reelin in
normal synaptic function, including synaptic plasticity
and dendritic remodeling in the adult brain in several
species. However, it is currently unknown whether
Reelin expression changes across aging in humans.
Recent genome-wide SNP association studies revealed
that polymorphisms in the reelin gene (especially in
and near the promoter region) are associated with AD
neuropathology [79, 80], suggesting that putative
alterations in Reelin expression levels may correlate
with aging-associated mental decline and contribute to
a pathological mechanism involving AD-associated
neuropathology.

Reelin and Alzheimer’s disease (AD)

In line with this hypothesis and the critical role of
Reelin in synaptic transmission and learning and
memory, several recent findings suggest that
alterations in Reelin expression and abnormal Reelin
signaling may contribute to neuronal dysfunction
associated with AD. In addition, several studies have
investigated the molecular mechanism by which
Reelin, its receptors and downstream signaling
proteins may contribute to the pathophysiology of this
progressive neurodegenerative disease. The purpose
of this section is to summarize the current knowledge
and recent findings related to the molecular link
between Reelin  dysfunction and AD-related
neuropathology.

AD is a complex neurodegenerative disease that
afflicts an increasing fraction of our aging population.
It is characterized by progressive cognitive decline
and severe neurodegeneration [81]. Neuropathological
hallmarks comprise neurofibrillary tangles (NFTs),
consisting of hyperphosphorylated Tau [82] and the
formation of senile plaques, primarily composed of
amyloid-f (AP) peptides [83]; the amyloidogenic
cleavage product of APP that results from sequential
cleavage by (- and y-secretases [84, 85]. Abnormal
amyloidogenic AP processing and formation of
amyloid-f plaques have been suggested to lead to
synaptic dysfunction, synapse loss, and ultimately to
neuronal death. Non-amyloidogenic processing by
cleavage through o- and y-secretase results in the
production and release of a large N-terminal
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extracellular fragment and smaller, membrane-bound
C-terminal fragments with putative neuroprotective
and transcriptional functions [86-88]. Recently, the
team of Tessier-Lavigne discovered an additional
disease-modifying, N-terminal fragment of APP that
acts as ligand of the death receptor 6 (DR6, a member
of the tumor necrosis factor receptor superfamily).
This fragment is produced upon growth factor
withdrawal by [-secretase plus an additional, as yet
unidentified, protease and has been shown to induce
Caspase-6-mediated axonal degeneration [89], a
process involved in axonal pruning during
development. These recent results suggest that
abnormal neurodegeneration associated with AD
might be due to inappropriate activation or
reactivation of a developmental pathway in the aged
brain.

Recent insights into the pathophysiology of AP
peptides suggested a potent negative impact of AP
oligomers on synaptic functions that may underlie
impairments in long-term synaptic plasticity [90-92].
Incubation  of  hippocampal  neurons  with
AP oligomers lead to intracellular trapping or
functional impairment of AMPA and NMDA
receptors [93-95], thereby decreasing LTP [90, 91,
96-99]. As already mentioned, several studies showed
an increase in LTP following Reelin application to
hippocampal slices [28], demonstrating that Reelin
has an opposite effect on synaptic function compared
to AP oligomers. A recent study conducted in Joachim
Herz’ lab demonstrated that Reelin could indeed
antagonize the suppressive effects of AB oligomers on
synaptic NMDA receptor-mediated neurotransmission
[100]. They demonstrated that Reelin signaling in
excitatory synapses could restore oligomeric Af-
induced impairments in synaptic plasticity to normal
levels. Activation of SFKs by Reelin through ApoER2
and VLDLR binding was necessary for neutralizing
the AP-mediated suppression, supporting again the
crucial role of Reelin-mediated signaling for normal
synaptic function.

The group of Saez-Valero has recently addressed
the putative link between abnormal Reelin levels and
AD pathogenesis. They analyzed the expression and
glycosylation pattern of Reelin in CSF and cortical
tissue extracts obtained from AD patients and non-
demented controls [101-103]. They reported abnormal
glycosylation of Reelin as well as a preferential up-
regulation of the N-terminal 180-kDa Reelin fragment
in the CSF and frontal cortex of AD patients. Full-
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length and other proteolytic fragments of Reelin
remained unaltered in control and AD subjects [101],
suggesting alterations in Reelin processing and
signaling in AD. Another recent study showed that the
N-terminal fragment of Reelin can be generated
within the endosomes after internalization of the full-
length form [104], pointing to the possibility that in
AD patients the endosomal recycling and re-secretion
of this fragment into the extracellular space could also
be significantly affected.

Our own studies provide an alternative
explanation for the selective increase in the N-
terminal Reelin fragment. We have recently observed
that Reelin accumulates in oligomeric amyloid-like
plaques in the hippocampal formation of several aged
species [39], indicating that the N-terminal fragments
may preferentially oligomerize and aggregate in the
extracellular matrix during aging (Figure 3). Indeed,
preliminary biochemical investigations confirmed that
these Reelin deposits contain besides the full-length
form also significant amounts of N-terminal Reelin
fragments (JD, IK unpublished data). Our
observations further revealed that Reelin was
selectively associated but not completely co-localized
with fibrillary A species. Oligomeric A deposits on
the other hand showed a very high degree of co-
localization with Reelin [105], confirming and
extending previous findings involving transgenic AD
mouse models [106, 107]. To address the putative
functional implications, we have investigated whether
early accumulations of extracellular protein deposits
in the projection areas of subcortical neurons can act
retrogradly to induce degeneration of cholinergic
neurons in the basal forebrain [108], known to be
affected early in AD pathogenesis and significantly
contributing to the progressive hippocampus-
dependent memory impairments [109]. Considering
the highly consistent finding of aging-related Reelin
plaque deposition in target areas of cholinergic
neurons, such as the hippocampus, entorhinal and
piriform cortices, we reasoned that these plaques
could impair the integrity of axonal terminals,
potentially resulting in or contributing to the
degeneration of basal forebrain projection neurons.
We found that the age-related neuropathological
changes in the target areas of these neurons were
indeed accompanied by abnormal axonal varicosities
and altered expression profiles of calcium-binding
proteins in plaque dense areas. Moreover, we reported
a significant reduction in the number of parvalbumin-
positive  GABAergic as well as choline
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acetyltransferase-positive ~ cholinergic  projection
neurons in several basal forebrain areas. No Reelin
deposits were found in these regions, suggesting that
the loss of projection neurons was not due to adverse
effects of local protein deposition and plaque
formation. Altogether, our findings suggest that the
elevated Reelin plaque load in the projection areas of

Our findings so far provided important
information regarding putative temporal processes
underlying the transition from normal to pathological
aging. (1) We found that the reduced numerical
density of Reelin-expressing interneurons as well as
the survival rate of basal forebrain GABAergic
neurons appears to be a consistent feature of normal
aging. (2) The observation of axonal varicosities
selectively in the vicinity of Reelin plaques indicates
that the degeneration of GABA- and cholinergic
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afferent subcortical GABAergic and cholinergic
neurons affects the axonal integrity and survival of
these neurons, potentially also contributing to the
cognitive impairments observed in aged wild-type
mice.

Figure 3: Reelin accumulates in extracellular deposits in
aged individuals. A-B) Anti-Reelin (G10 antibody)
immunoreactivity (IR) in the hippocampus of 3 months (A)
and 12 months old wild-type mice (B). Note the decrease in
intraneuronal IR and concomitant accumulation of Reelin in
extracellular deposits. C) Higher magnification images of
Reelin-expressing cortical interneurons. D) Enlarged view of
two extracellular Reelin-positive deposits in CAl stratum
lacunosum-moleculare. Note their close association with
Reelin-positive neurons. E) Immuno-electron microscopy
using G10 primary anti-Reelin and fluoronanogold-
conjugated secondary antibodies. Representative image
taken from area CAl stratum lacunosum-moleculare (wild-
type mouse, 12 months of age) show Reelin-IR as distinct
black dots. They are detectable throughout the neuropil;
either extrasynaptically at glutamatergic synapses (black
box, white arrows) or within fibrillary deposits (pink
overlays; enlarged in red box). The green coloring and box
show the intracellular localization of Reelin in dendrites and
spines. Blue coloring indicates putative intermediate stages
of Reelin deposition. Scale bars: B = 500 um, D =20 um, E
=5 pm.

projection neurons is potentially a consequence of the
abnormal protein deposition in their target areas. (3)
The immunohistochemical findings suggested the
presence of several proteins within or associated with
Reelin-positive deposits [39].

In order to identify the putative neurotoxic factors
within these extracellular Reelin aggregates, we
recently initiated a biochemical and proteomic
approach to investigate their composition as well as
temporal and spatial progression. We developed a new
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immunohistochemical protocol involving a stringent
protease  pretreatment to  enhance  Reelin-
immunoreactivity. This procedure allowed a
significant increase in Reelin-immunoreactivity within
protease-resistant plaques and a parallel reduction in
the putative soluble pool of Reelin proteins.
Unexpectedly, it also allowed the specific detection of
several murine proteolytic APP fragments within the
Reelin plaques in the aged hippocampus (Figure 4,
[105]). The same treatment in APP knockout mice did
not reveal any comparable staining pattern,
confirming the specificity of the immunoreactivity.
Moreover, our investigations using this adapted
immunohistochemical protocol allowed the detection
of fibrillary AP deposits as seen in human, indicating
that similar aging-related pathophysiological changes
occur in aged rodents. Ultrastructural investigations

anti-Reelin

Reelin and aging

confirmed the presence of Reelin in extracellular
space, somata of interneurons in young and aged wild-
type mice. In aged mice, Reelin- and amyloid-B-
immunoreactivity was detected in extracellular,
spherical deposits; potentially representing small
intermediates or fragments of amyloid fibrils (Figure
3E), confirming our immunohistochemical data and
pointing to the usefulness of non-transgenic animals to
investigate early molecular mechanisms that underlie
the shift from normal to pathological forms of aging.
These results confirmed that Reelin itself aggregates
into abnormal oligomeric or protofibrillary deposits
during aging, potentially creating a precursor
condition for senile amyloid-B plaque formation in
sporadic AD.

anti-Reelin

Figure 4: Reelin-positive plaques are associated with astrocytes as well as proteolytic APP fragments. A-C) Representative
confocal images of hippocampal brain sections processed for triple-immunofluorescence stainings using Cy3-GFAP (red), anti-
AP (1-40/42, green) and anti-Reelin (G10, blue) antibodies. Note the partial overlap between Reelin- and amyloid-B deposits
within putative oligomeric, glial-associated plaques. D-F) High magnification image of a fibrillary amyloid-B plaque in the
hippocampus of a transgenic AD mouse (9 months old). Only a moderate overlap between anti-Af (1-40/42, green) and anti-
Reelin (G10, blue) immunoreactivity is observed. Sections have been counterstained with Sytox Green™. Scale bars: C = 10
um, F =15 um. Images A-C are part of a supplementary figure currently in press with J Neuroscience (Kocherhans et al., 2010).
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To directly test the role of Reelin in AD
pathophysiology, we crossed heterozygous reeler
mice into a transgenic AD background [110] to
investigate the effect of reduced Reelin-mediated
signaling on amyloid-f plaque and neurofibrillary
tangle formation, as well as neurodegenerative
processes. We provided first biochemical evidence of
enhanced amyloidogenic APP processing and
accelerated amyloid-B plaque formation in transgenic
AD mice with genetically reduced Reelin levels [111],
complementing recent in vitro data [7, 19].
Furthermore, we observed that the amyloid- plaque
pathology strongly aggravated in Reelin-deficient AD
mice during aging. This was accompanied by
significant micro- and astrogliosis and a striking
concentric accumulation of phospho-Tau-positive
neurons and neurofibrillary tangles (NFTs) around
amyloid-f plaques in the aged hippocampal
formation. Futhermore, this was associated with a
significant ventricular enlargement and cortical
shrinkage, again predominantly affecting the
entorhinal cortex and hippocampus. Our findings
thereby provide the first in vivo support that
dysfunctional Reelin-mediated signaling is a critical
upstream modulator of amyloidogenic APP processing
and Tau hyperphosphorylation, both likely
contributing to  progressive  neurodegeneration
observed in Reelin-deficient AD mice. Altogether,
these observations add to our understanding of the
putative molecular mechanisms that underlie the
pathogenesis of AD. Reduced Reelin-dependent
signaling during aging appears as crucial driving force
able to shift APP processing from non-amyloidogenic
to amyloidogenic forms in vivo.

Perspectives and conclusions

Studies performed by us and many other labs have
provided exciting new insights into the function of
Reelin-mediated signaling in synaptic function in the
adult and aging brain. However, the molecular
mechanisms how this developmental signaling
pathway regulates directly or indirectly AD-associated
pathophysiological processes remain to be fully
elucidated. Moreover, many of the studies including
ours have employed transgenic AD mice that model
the genetic, early-onset form of the disease. However,
the majority of patients suffer from the age-associated,
late-onset form of AD. The question, therefore, is: can
the investigations of dysfunctional Reelin-mediated
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signaling in normal aged wild-type mice provide us
some insights into the molecular mechanisms of late-
onset AD? In other words, is an impaired Reelin-
mediated signaling sufficient to induce AD-like
neuropathological changes in aged wild-type rodents
that would allow us to study putative early disease-
relevant pathophysiological alterations in a more
physiological context?

Putative problems related to the work with aged
wild-type rodents include both financial (costs for
extended animal housing) and technical challenges
(i.e. electrophysiological recordings and other
investigations using in vitro preparations). Another
critical disadvantage is the relative resistance of
rodents to develop significant amyloidosis, despite the
high sequence homology of the amyloid-f§ peptides
[112, 113]. Our recent experimental approach might
provide a potential solution to these issues:

1) We have recently provided the first evidence that
a prenatal immune challenge during late gestation
results in significant acceleration of aging-
associated neuropathological alterations in non-
transgenic wild-type mice. This involved reduced
Reelin expression levels, precocious accumulation
of Reelin-positive deposits, as well as long-term

alterations in inflammatory modulators [39],
suggesting inflammatory cytokines as putative
regulators of Reelin expression, proteolytic
processing, and/or signaling.

2) The application of our adapted
immunohistochemical protocol involving

protease-pretreatment allowed for the first time
the detection of murine proteolytic APP fragments
in extracellular amyloid-like plaques [105],
indicating that the experimental conditions
contribute more strongly to the observed lack in

amyloid deposition in aged rodents than
anticipated.
Therefore, the combination of these two

experimental paradigms is expected to provide a
potent ~ way  to  address aging-associated
neuropathology in non-transgenic mice or rats. In the
last chapter of this review we will discuss in more
detail the interaction between prenatal inflammation,
its impact on development processes both during
neurodevelopment and adult brain function and how
this could underlie the progression from normal to
accelerated and pathological aging.
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The role of inflammation in Alzheimer’s disease

Chronic activation of inflammatory pathways can be
detrimental and promote degeneration, as suggested
by the accumulation of activated microglia and
astrocytes in the vicinity of senile amyloid-f3 plaques
and neuronal lesions (for recent review, [114]). It has
become apparent that the inflammatory mediators,
including cytokines, chemokines, prostaglandins, and
complement activation components are not only
produced in the circulating leukocytes and peripheral
immune organs, but are also generated locally in the
brain; most of them by the activated glial cells, but
many of them also by neurons [114]. Beside the
activation of these modulators, postmortem studies
have also shown that the initial pathological stages in
the hippocampus and entorhinal cortex in AD include
a pronounced up-regulation of cell cycle and cell
adhesions proteins [115], hypothesized to reflect an
initial regenerative response of neurons to the
presence of diffuse AP plaques and oligomeric or
protofibrillic forms of AP peptides [116, 117]. Later
stages are characterized by the widespread deposition
of amyloid-f plaques and neurofibrillary tangles with
their focal complement activation and accumulation of
activated glial cells. Under these chronic insulting
conditions, the efficiency of the innate immune
system appears to fluctuate and it has been suggested
that an unwanted potentiation of pro-inflammatory
responses could turn the beneficial innate immunity
into a negative driving force in AD pathogenesis by
inducing autotoxicity [117-119]. On the other hand, a
recent study revealed that the formation and
maintenance of amyloid- plaques in transgenic AD
mouse models was independent from the presence of
microglia [120], challenging our view of the role of
inflammatory mediators derived from activated
microglia cells. Clearly, more information is needed to
understand the role of activated glia cells and to
support an adverse, and potentially early-misregulated
innate immunity defense in AD pathogenesis.

Prenatal brain inflammation and its impact on
Reelin-mediated signaling

In addition to regulating inflammatory responses
induced by neurodegenerative processes, cytokines
released from both astrocytes and microglia have also
critical effects on synaptogenesis and contribute to the
targeting of synapses for elimination, thereby
representing important modulators of neuronal
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activity,  differentiation, and survival during
neurodevelopment, as well as synaptic strength and
plasticity in adulthood (for recent review, [121]).
These cytokine-mediated developmental processes are
highly susceptible to disruption by immune
dysregulation. Overexposure to cytokines, for
example, during early brain development in mice has
been shown to strongly affect cell migration, neuronal
differentiation, and synaptogenesis, leading to
multiple morphological and neurochemical defects
which result in disturbances of homeostatic neuronal
network activity and subsequent behaviour and
cognitive functions in the adult offspring [121]. In line
with these data obtained from animal studies,
elevation of inflammatory cytokines in the maternal
serum has been associated with an increased risk
factor for neuropsychiatric disorders in the offspring
[122, 123]. Our own recent findings provide first
support for a comparable relationship for
neurodegenerative diseases like AD. We have
demonstrated that systemic administration of the
synthetic cytokine releaser and viral mimic
polyriboinosinic-polyribocytidilic acid (Polyl:C) in
mice provides convincing support to the link between
maternal infection during pregnancy and behavioral
and neurochemical abnormalities in the adult
offspring [124-126]. We have shown that the middle
and late gestational periods correspond to two
windows of enhanced vulnerability to inflammatory
cytokines, leading to an acute response in the fetal
brain and delayed brain neuropathology, including
defective Reelin expression, apoptosis in early
adolescence [127], as well as pronounced changes in
the GABAergic, glutamatergic, and dopaminergic
system in limbic structures in the adult brain (Figure
5, [128-130]). Moreover, we demonstrated for the first
time that a viral-like infection in wild-type mice
significantly accelerates the reduction in Reelin-
expressing interneurons and its accumulation in
extracellular amyloid-like plaques, a phenomenon
consistently seen in aged subjects across species and
correlating with the cognitive performance [39]. These
findings suggest that prenatal exposure to infection is
not only an important factor in the segregation of
symptom clusters in neuropsychiatric disorders but
does also represent a critical driving force of aging-
related neurodegenerative processes. Moreover, the
acceleration of senescence after early brain
inflammation confirms the critical role of non-genetic
components as major risk factors of late-onset
Alzheimer’s disease.
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Figure 5. Animal models of neuropsychiatric and neurodegenerative diseases. The time of maternal immune challenge critically
determines the patterns of fetal immunological, juvenile neurochemical, as well as adult behavioural abnormalities displayed by
the offspring. An acute systemic challenge of the viral mimic polyriboinosinic-polyribocytodilic acid (Polyl:C), a synthetic analog
of double-stranded RNA and cytokine releaser, during mid-gestation (gestational day, GD9) results in a behavioural profile that
mimics certain aspects of psychotic symptoms in the adult offspring, potentially linked to the pronounced impact of this treatment
on the dopaminergic system. Late-gestational (GD17) immune challenge results in a behavioural phenotype characterized
primarily by cognitive impairments, accompanied by a strong imbalance in the glutamatergic neurotransmitter system. The fetal
brain can directly contribute to the specific changes in inflammatory cytokine protein levels after late-gestational but not mid-
gestational immune challenge, suggesting a close correlation between acute immunological modulators and histopathological
changes in the adult offspring. Although both mid- and late gestational Polyl:C treatments are equivalently effective in reducing
the number of Reelin-positive neurons, the time of the maternal immune challenge is expected to determine whether the reduction
in Reelin-mediated signaling primarily affects proper neuronal migration or impairs synaptogenesis. This might further contribute
to the distinct symptom clusters characteristic of the adult offspring born to mid- or late-gestational immune challenged dams.

Conclusions

Accumulating evidence indicates that the same
Reelin-mediated signaling pathway required for
proper early neurodevelopmental processes is equally
relevant for the regulation of adult neuronal function
and plasticity. Both a decline and overproduction of
Reelin in adulthood is associated with abnormal
synaptic function, indicating an important homeostatic
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regulation of this extracellular glycoprotein (Figure 6).
Our investigations showed for the first time that aging
across species is accompanied by a reduction in
Reelin expression, accompanied by a highly selective
layer-specific ~ accumulation of  Reelin-positive
amyloid-like plaques. Comprehensive ultrastructural
and immunohistochemical characterizations indicate
that Reelin, likely by self-aggregating into abnormal
oligomeric or protofibrillary deposits during aging, is
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able to induce degenerative axonal varicosities in
afferent basal forebrain projection neurons that
selectively terminate in plaque dense areas within the
hippocampal formation. It is likely that other
aggregation-prone proteins that accumulate and
associate with these deposits further contribute to
degenerative processes. Moreover, our recent findings
support the hypothesis that both a genetic or
inflammation-induced reduction in Reelin-dependent
signaling in the adult brain represents an important
upstream  factor able to trigger AD-like
pathophysiological processes including amyloidogenic

r; Protease

Reelin and aging

APP processing and hyperphosphorylation of Tau,
both of which are associated with a strong
inflammatory reaction, that potentially contributes to
progressive neurodegeneration in aged individuals.
Based on these data we propose that dysfunction of
the Reelin-mediated signaling represents an important
driving force able to induce a shift from normal to
pathological aging.
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Figure 6. Hypothetical model how dysfunctional Reelin-mediated signaling may induce pathological aging. In the course of
normal aging, Reelin accumulates in the extracellular matrix either as monomers, dimers, or oligomers and/or cleaved fragments,
which are efficiently cleared by activated astrocytes and microglia [39, 108]. Long-term imbalances in immune modulators
including elevated levels of pro-inflammatory cytokines in old subjects increase the expression of metalloproteinases, resulting in
aberrant cleavage of extracellular Reelin and production of an excess of Reelin fragments. While N-terminal fragments might
preferentially aggregate in concert with proteolytic APP fragments [105], the central fragments are expected to compete with full-
length Reelin homodimers for the available receptors to inhibit Reelin downstream signaling. Dysfunctional Reelin signaling is

expected to promote not only amyloidogenic APP processing [7,

19, 111] including the production of N-APP, and Tau

hyperphosphorylation [16, 24, 25, 137], it likely also impairs synaptic plasticity [28, 45, 52] via the strong reduction of several
Reelin-mediated downstream signaling cascades required for proper neuronal functioning. NFT = Neurofibrillary tangles. Thin
arrows represent downregulation; thick arrows indicate an up-regulation compared to the normal signaling pathways described

during development and adult synaptic functions.
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